Carbon-14 data and mass balance estimates indicated that at least 80% of the dune carbonate (in C horizons) has been isotopically altered by dissolution and recrystallization processes in •' 100 yr. The modern carbonate is apparently forming from soil waters composed of nearly equal amounts of summer and winter rainfall, as evidenced by carbonate iV*O values. Our analyses indicate that disseminated carbonate can provide a meaningful environmental signal in polygenetic soils, when pedogenic contributions to isotopic variability are constrained.
Carbon-14 data and mass balance estimates indicated that at least 80% of the dune carbonate (in C horizons) has been isotopically altered by dissolution and recrystallization processes in •' 100 yr. The modern carbonate is apparently forming from soil waters composed of nearly equal amounts of summer and winter rainfall, as evidenced by carbonate iV*O values. Our analyses indicate that disseminated carbonate can provide a meaningful environmental signal in polygenetic soils, when pedogenic contributions to isotopic variability are constrained.
P EDOGENIC CARBONATE has accumulated in arid lands of the southwestern USA throughout the Quaternary, forming morphogenetic sequences that are indicative of both soil age (Gile et al., 1966) and long-term trends in annual precipitation (Marion, 1989; Schlesinger, 1982) . Stable C and O isotopes in soil carbonate provide an additional record of past environments that include shifts in vegetation, climate, and atmospheric circulation (Amundson et al., 1996; Cerling, 1984; Quade et al., 1989a) . As a result, studies of carbonate isotope chemistry have become an important component of paleoecology and global change research (Cerling and Quade, 1993) .
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O of modern carbonates frequently deviate from expected valuesas predicted by the isotopic composition of vegetation, SOM, and local precipitation (Cerling and Quade, 1993) . Previous studies ascribe these discrepancies to patterns of soil productivity and water flux within surficial soil horizons (Amundson et al., 1988; Quade et al., 1989b) . Additional, secondary isotopic variations may result from inheritance of calcareous materials in dust and rainfall, carbonate diagenesis, and/or soil disturbance (e.g., Pendall et al., 1994) .
Sources and processes acting on carbonate isotope chemistry can -be extremely difficult to distinguish in older soils, particularly those that have experienced major shifts in climate during their formation (i.e., polygenetic soils). Often more than one cycle of carbonate formation and weathering are represented in arid land soils of mid-to late-Pleistocene age (Gile et al., 1966) , resulting in co-occurance of carbonate with distinct morphologies and isotopic chemistry (Gile and Grossman, 1979; Pendall et al., 1994; Amundson et al., 1994) . Under these conditions, the 8 13 C of bulk carbonate represents a weighted mean of the contributing carbonate fractions, while the corresponding 14 C age reflects the combination of ages these fractions represent (Amundson et al., 1994) .
Paleoenvironments can be successfully reconstructed from polygenetic soils by restricting isotope analyses to carbonate fractions or morphologies that approximate closed-system behavior. Amundson et al. (1994) indicated that inner rinds of laminar carbonate formed on gravel surfaces often provide the most suitable material for isotope measurement since: (i) they typically exclude nonpedogenic minerals, and (ii) successive laminations generally increase in age toward the gravel surface. Recent studies have, therefore, focused on O and C isotope values of such inner laminations to reconstruct lateQuaternary environments in the arid Southwest (Pendall et al., 1994; Amundson et al., 1996; Wang et al., 1996) .
Many fine-grained polygenetic soils lack gravel, so that isotopic analyses of carbonate are necessarily restricted to mixtures of filaments and discontinuous min-eral coatings -here termed disseminated carbonate (Gile et al., 1966; Pendall et al., 1994) . Disseminated forms generally occur in low concentration (e.g., <5% by soil weight) and the bulk isotopic chemistry often reflects prior diagenesis or inclusion of detrital material (Kelly et al., 1991; Pendall et al., 1994) . Both processes make unambiguous interpretation of the isotopic data, with regard to past environments, highly problematic. This is especially true for soils containing pedogenic accumulations of pre-Holocene carbonate (Amundson et al., 1994) .
Wetting events may reset carbonate isotope values through dissolution and recrystallization processes, such that a Holocene signal is preserved in older polygenetic soils. Such alteration preferentially affects finer grained (disseminated) carbonate forms (Margaritz and Amiel, 1981) . However, 1000 to 4000 yr may be required before any consequent isotopic changes are detectable (Pendall et al., 1994) , particularly when carbonate is added from dust and rainfall or when sedimentation rates are high, e.g., >10 cm per 1000 yr (Cerling, 1984; Pendall et al., 1994) . Therefore, isotopic signals of Holocene climate and vegetation are best evaluated where site history can be reconstructed independent of carbonate data.
Holocene and modern changes in C 4 /C 3 plant production can be inferred in Pleistocene-age soil profiles by distinguishing 8
I3 C values of stable (turnover: T = 100s-1000s yr) and active (T = 1-1 Os yr) SOM pools, respectively (Cheng and Molina, 1995; Connin et al., 1997) . In this context, temporal aspects of C 4 /C 3 plant contribution to the isotopic chemistry of carbonate should be estimable by comparing 8 13 C values of coexisting carbonate and SOM pools. Such analyses may also offer an opportunity to distinguish environmental sources acting on the isotopic chemistry of disseminated carbonate within polygenetic soils. However, no systematic isotopic comparisons of SOM and carbonate have been made for this purpose.
In an earlier study, we measured the 8 13 C values of "light" and "heavy" SOM fractions from soil profiles in a C 4 grassland and C 3 mesquite coppice dunes in the Jornada Basin, New Mexico (Connin et al., 1997) . The light fraction was collected by flotation in a 1.2 g cm~3 NaCl solution; the heavy fraction consisted of organic C that remained adsorbed to mineral surfaces (Sollins et al., 1984; Strickland and Sollins, 1987) . Significantly, 8
13 C values and 14 C activities of light SOM indicated rapid turnover (T < 10 yr), while those of heavy SOM were consistent with a more recalcitrant SOM pool (T = 100s yr; Connin et al., 1997) . Therefore, we will refer to these pools as active and stable, respectively.
Profile-level changes in 14 C ages and S
13
C values of stable SOM from our grassland soils pointed to a Holocene C 3 -to-C 4 plant transition, =9000 to 5000 yr (Connin et al., 1997) . Isotopic trends in the active SOM pools also indicated a C 3 -to-C 4 shift, but contained greater proportions of C 4 -derived SOM -consistent with faster turnover rates measured for active (relative to stable) SOM in these soils. For comparison, the mesquite dunes formed as a response to desertification processes approximately 90 yr ago, on what was historically a C 4 grassland (Buffington and Herbel, 1965) . The 8 13 C values of SOM beneath the mesquite preserved a record of earlier C 3 -to-C 4 vegetation change similar to the grassland soils. However, mesquite litter additions have begun to overprint this record, especially in active SOM pools.
The Jornada soils are polygenetic (Gile et al., 1966 ) and contain sequences of pedogenic carbonate characteristic of accumulation in fine-grained deposits. For example, A and B horizons of our grassland and dune profiles were dominated by disseminated carbonate (Stage I), for which a Holocene age is likely (Gile et al., 1966) . The profiles also contained buried paleosol K horizons (Stage IV) of Pleistocene age (Connin et al., 1997) . It is plausible, therefore, that the disseminated carbonate preserves a 8 13 C record of vegetation change similar to that of coexisting SOM pools, while more advanced stages (including nodular forms) preserve a signal of a pre-Holocene environment. Alternatively, the isotopic chemistry of the disseminated carbonate may be more closely linked to pedogenic processes such as dissolution and recrystallization than to Holocene climate and vegetation changes (e.g., Pendall et al., 1994) .
The objectives of this study were to: (i) determine if isotope values of disseminated carbonate in the Jornada soils preserve a record of Holocene environmental change -as inferred from coexisting SOM pools, (ii) evaluate the influence of pedogenic factors on carbonate isotope profiles, and (iii) determine if historical mesquite expansion is detectable in the isotopic signal of carbonate disseminated within dune sediments.
MATERIALS AND METHODS
Site Description Since the late 1800s, C 3 shrubs have invaded perennial C 4 grasslands in the Jornada Basin, resulting in ecosystem-scale changes that include: reduced vegetative cover, increased soil erosion, and the redistribution of soil C pools (Connin et al., 1997; Schlesinger et al., 1990) . We selected a relict C 4 grassland, dominated by black grama [Bouteloua eriopoda (Torrey) Torrey], and a recently desertified mesquite dune habitat to evaluate isotopic changes in soil C pools following shrub expansion.
Both sites were located at the USDA Jornada Experimental Range =40 km north-northeast of Las Cruces, Dona Ana County, New Mexico (Fig. 1) . The climate is arid; mean annual precipitation is 211 mm with 53% falling between July and September. The mean annual temperature (MAT) is 16°C. However, ambient conditions are variable, with temperatures occasionally falling below freezing during winter months and exceeding 40°C in the summer (Conley et al., 1992) .
The sampling areas reside on fluvial deposits of the earlyto mid-Pleistocene La Mesa geomorphic surface (1 500 000-400 000 yr) (Gile and Grossman, 1979) . Soil parent materials consist primarily of noncalcareous sands. However, the soils contain significant amounts of pedogenic carbonate largely derived from illuvial accumulation of calcareous dust or Ca 2+ and HCOi~ in rainwater (Gardner, 1984; Gile and Grossman, 1979) . Lesser amounts of Ca 2+ and HCO^ may be derived from in situ silicate weathering (e.g., Boettinger and Southard, 1991) . The current water table is several hundred feet below the La Mesa surface and has not influenced carbonate formation in these sediments (Gile, 1967) . The appearance and taxonomy of La Mesa soils in the grass and mesquite communities are generally similar. Grassland profiles typically contain a surficial A (or Ak) horizon underlain by Bk, Btk, and Kb horizons. In mesquite dunes, erosional processes have modified soil profiles such that surface horizons are eroded from intershrub soils (to Btk horizons) and sand-sized fractions are, in part, redeposited beneath mesquite, forming a modern surficial C horizon (Hennessy et al., 1985) . Grassland soils are coarse-loamy, mixed, thermic Typic Haplargids or loamy, mixed, thermic Typic Calciorthids. Dune soils are mixed Typic Torripsamments, while eroded interdune soils are taxonomically equivalent to grassland soils (Leland Gile, personal communication) . Most dunes range from 0.3 to 2.5 m in height and 1.5 to 12 m in width and are <100 yr old (Gile, 1966) .
We excavated two mesquite coppice dunes (DI and D2) and three grassland trenches with a backhoe during spring and summer 1994. Dune trenches (=1.5 m wide) were excavated from north to south, extending 3 m beyond the edge of each dune. In the interdune soils, trenches extended to 1-m depth, providing a lower baseline for sampling within dunes. At the time of excavation, no C 4 species were evident. Soil samples used for carbonate isotope analysis were taken (at dune center) from 10-cm depth increments in DI. Isotopic measurements were restricted to disseminated carbonate in C, A, and B master horizons. In Kb horizons, measurements were made on nodular, laminar, or bulk forms. Having defined the major isotopic trends, we restricted our analyses in D2 to 20-cm intervals.
Three grassland trenches (=1.5 m wide) were excavated from north to south, extending 6 m in length and to 1-m depth. The replicate trenches were located 100 to 200 m from each other. Locations were selected such that distances to nearby C 3 plant species (including mesquite) exceeded 5 m. Soil samples were collected at 10-cm depth increments in three profiles, one in the middle and two at either end of each trench. Samples from four of these profiles (TG1, TG2, TG3, and TG4) were selected for subsequent isotope analyses. In TG1, carbonate 8 13 C and 8
18
O values were determined every 10 cm to ensure adequate sampling resolution; all other profiles were analyzed at 20-cm increments. The carbonate fractions analyzed (by horizon) were similar to those of mesquite dunes. A full description of the trenches, soil profiles, and resident vegetation can be found in Connin et al. (1997) .
Analytical Procedures and Calculations
The C and O isotope composition of pedogenic carbonate was determined for grassland and dune soil profiles. Samples (0.5-2.0 g) were heated at »350°C in a muffle furnace for 3 h to pyrolyse organic C and then reacted with 100% H 3 PO 4 at 25°C following the method of McCrea (1950) . The liberated CO 2 was cryogenically purified and measured manometrically to determine carbonate concentration. The isotopic ratios of (Wolf et al., 1994) . To estimate 8 0 and 8 2 , we assumed that the 8 13 C values of pure C 4 and C 3 respired CO 2 are similar to grassland (-14.0%o) and mesquite (-25.0%o) plant litter (Connin et al, 1997) . We also assumed that the 8 13 C values of soil carbonates were =15.0%o enriched relative to soil-respired CO 2 due to diffusion-controlled fractionation of respired I3 CO 2 (=4.4%o) and temperature-controlled fractionation between remaining soil pore 13 CO 2 and carbonate (=12-9%o) (Cerling and Quade, 1993) .
Isotopic Contamination by Organic Carbon
To ensure that organic C did not influence the measured isotopic values of disseminated carbonate in our soils, we conducted an experiment to evaluate our pretreatment method. A powdered calcite of known isotopic composition (8 13 C = -4.58 ± 0.02%o, 8 18 O = -17.81 ± 0.15% 0 ; n = 10) was added to a carbonate-free, coarse-loamy Typic Cryohumod collected at Whiteface Mountain, Willmington, New York (pH = 4.9, 8 13 C = -25.09 ± 0.02% 0 ; n = 2). Soil-calcite mixtures were then pretreated to remove organic C either by: (i) baking in a muffle furnace at =350°C for 3 h (Treatment 1), or (ii) boiling in 30% H 2 O 2 for ~4 h and then rinsing with deionized water (Treatment 2). The H 2 O 2 pretreatment reduced organic C in soils from 2.5 ± 0.2 to 0.06 ± 0.01%, n = 3. Carbon concentration was determined by dry combustion on a Carlo Erba CHN analyzer (Carlo Erba Strumentazione, Milan) (Pella and Collombo, 1973) . A third group (control) did not receive any pretreatment.
Each treatment group contained three soil replicates (=2.0 g each) at five carbonate concentration levels: 0.1, 0.2, 0.4, 0.8, and 1.0%. The 8' O data, the isotope values measured in each treatment group should be equivalent to the calcite standard. Alternatively, isotopic contamination due to organic C should be greatest in the control group and vary inversely with carbonate concentration.
Radiocarbon Dating
Several carbonate samples were sent to Beta Analytic (Miami, FL) for I4 C dating by accelerator mass spectrometry, AMS (e.g., Wallace et al., 1987) . Isotopic 14 C/' 2 C ratios of graphite targets made from the samples were measured using AMS facilities at the Lawrence Livermore National Laboratory. Relative I4 C specific activities were normalized to a fixed 8 I3 C value of -25%o and expressed as a percentage of a modern standard, which is 95% of the activity of National Bureau of Standards' oxalic acid.
Statistical Analyses
We used Pearson product-moment correlations to measure associations between carbonate 8 13 C values and concentrations. Statistical analyses were made using the SAS statistical package (SAS Institute, 1987) . All measures of variation are reported as one standard deviation from the mean for replicate samples, or as one standard error (SE) for the mean of sample averages.
RESULTS AND DISCUSSION

Carbonate Pretreatment Methods
Evaluation of carbonate pretreatment methods indicated that C and O isotope values of disseminated carbonate can be contaminated by reaction of coexisting organic C with H 3 PO 4 (Fig. 2) . However, contamination was minimal when soils were pretreated to pyrolyse the organic C. O values of control soils were = 10.5 ± 1.2% 0 more negative than the standard -perhaps due to release of water from clay interlayers or SOM. Since concentrations of organic C in Jornada soils are <0.3% (Connin et al., 1997) , we interpreted our carbonate data (without correction) following pyrolytic conversion of organic C by baking, but suggest that values from soils with <0.1% carbonate be viewed cautiously (Tables 1 and 2 ). 
Carbonate Content and Distribution
The quantity and distribution of carbonate in the Jornada soils varied with depth and location of Kb horizons, reflecting the influences of both climate and prior soil erosion. In grassland profiles, carbonate concentration generally increased with depth, from =0.71 ± 0.70% in Bk horizons (20 cm) to =37.20 ± 9.35% in K22mb horizons (100 cm) ( Table 1) . Total carbonate in grassland profiles varied from 39 to 451 kg m~2 (to 100 cm) and was greatest in profiles with shallow Kb horizons (e.g., TG2 and TG3). The profile with the lowest carbonate content (TG4) bisected a "soil pipe" (i.e., a downward extension of Bt material formed by dissolution of K-fabric during Pleistocene pluvials) (Gile et al., 1966) , and lacked a Kb horizon entirely. Large differences in the depth to Btk/Kb boundaries (sometimes >50 cm) were apparent within individual trenches and reflect the partial erosion of an older soil, =9500 to 5000 yr (Connin et al., 1997) . Evidence for this event includes the truncated appearance of Klmb horizons and a dramatic increase in the 14 C age of stable SOM across the Btk/ Klmb boundary in TG1 (Table 3) .
There was a large difference in net carbonate accumulation between mesquite dunes, as reflected in the concentration of carbonate within individual soil horizons (Table 2) . Although the dune trenches were separated by <10 m, total carbonate in buried horizons of DI (100-200-cm depth) was = 223 kg m~2, almost three times that of D2 (=79 kg irT 2 , 60-200-cm depth). Dune C horizons contained disseminated carbonate accumulated with sediment from eroded interdune surfaces, thus exhibiting the lowest concentrations overall (0.14 ± 0.1%, SE). As a result, carbonate in surficial C horizons comprised only =2% (DI) and =1.5% (D2) of total measured accumulations.
Previous studies have invoked long-term patterns of annual precipitation to explain the amount and depth at which pedogenic carbonate forms in the desert Southwest (Marion, 1989; McFadden and Tinsley, 1985) . Our data for grassland soils and buried profiles beneath mesquite dunes suggest that variations in soil-water infiltration (at the pedon scale), coupled with early-to midHolocene erosion and redeposition, largely control carbonate distribution in these basin sediments. In effect, substantial variation in carbonate accumulation and depth can occur in polygenetic soils over small spatial scales, independent of direct climatic influence.
Grassland Carbonate: Isotope Analyses and Interpretation
The 8 13 C values of grassland carbonates were similar between profiles and with depth, ranging from -5.29 to -3.13%o (Fig. 3) . The mean 8 13 C of the profile averages was -4.19 ± 0.05%o, and is indicative of formation under =68% C 4 biomass. There were no discernible differences in the 8 13 C values of different carbonate morphologies (i.e., Stages I-IV). Carbonate S
18
O values also varied little between profiles and with depth, but were more variable than 8 13 C measurements, particularly within 40 cm of the soil surface (Fig. 3) O values previously measured in K horizons from La Mesa soils, ~ -6.0%o (Gardner, 1984) . Lack of significant profile-level variation in grassland carbonate isotope values could indicate a steady state in relative C 4 biomass during the period of carbonate formation. However, in our previous study (Connin et al., 1997) we reported that 8 13 C values of stable SOM decreased with depth (up to 6.6%o, TG3) in each of the grassland profiles (Table 3) . We ascribed these changes to an increase in relative C 4 biomass =9000 to 5000 yr BP -consistent with either a replacement of C 3 woodlands by C 4 grasses, perhaps caused by Holocene warming and expansion of the summer monsoon (Van Devender and Spaulding, 1979) , or to local recovery of C 4 grasses (=5000 yr BP) following an earlier shift from C 4 to C 3 plant dominance (=9000 to 7000 yr BP). The latter scenario is indicated by 8 13 C values of carbonate and SOM in surrounding piedmont surfaces (Cole and Monger, 1994) , and could suggest increased temperature and reduced summer precipitation at the end of the last glacial (Liu et al., 1996) .
We do not evaluate these interpretations but note that Holocene climate and vegetation have changed in our study area (Van Devender and Spaulding, 1979; Connin et al., 1997) , and these changes are not preserved Table 2 . Morphological description and laboratory data for two mesquite dune soil profiles (DI and D2). (isotopically) in disseminated carbonate from the grassland soils. This finding is supported by the fact that 8
Profile and horizon
13 C values of the disseminated carbonate do not agree with those predicted by formation in equilibrium with soil 13 CO 2 under the current grass community (Cerling, 1984; Quade et al., 1989b) . A brief review of carbonate 13 C chemistry will help illustrate this point. Soil pore 13 CO 2 is determined by proportions of respired CO 2 (from root respiration and SOM decomposition) and atmospheric CO 2 -the depth of atmospheric mixing varies inversely with respiration rate (Amundson et al., 1988; Quade et al., 1989b) . Since the 8 Soil respiration rates measured in Jornada shrub communities average ~6 mmol m~2 h" 1 (Parker et al., 1983) , which is higher than reported for other desert soils (0.5-2.0 mmol m~2 h" 1 ), and closer to temperate grasslands (Quade et al., 1989b; Singh and Gupta, 1977) . Assuming a respiration rate of =6 mmol m~2 h" 1 , modern carbonate in Jornada grasslands below =20-cm depth should be -14 to -17%o enriched relative to respired CO 2 and coexisting SOM (Cerling and Quade, 1993; Amundson et al., 1994) . It is important to note, however, that car- C ratio of soil CO 2 , averaged for the period of carbonate formation (Cerling, 1984; Salomons and Mook, 1986) . In this context, root respiration and fastcycling organic matter (i.e., active) should exert the greatest control on carbonate 13 C content (Amundson et al., 1994) .
The 8 13 C values of disseminated carbonate in grassland soils were more negative than those predicted from modern root respiration (assuming 100% C 4 biomass and the 8 13 C of root respired CO 2 = -14.0%o) and a weighted average of coexisting active SOM (Fig. 4) . It is likely, therefore, that the bulk of this material formed under proportionally greater C 3 biomass than might be inferred for the late Holocene. These comparisons do not account for any decrease in SOM turnover with depth, which has been measured in these soils by Connin et al. (1997) , or the possibility that average soil respiration rates are lower than assumed. However, either factor would act to increase carbonate 8 13 C values relative to those measured.
Isotope values of the disseminated carbonate probably reflect mixing of pre-Holocene-age carbonate in A and B soil horizons. In the study area, surface erosion had exposed subaerial patches of K horizon carbonate, such that weathered clasts (<l-3 cm) and presumably powder (<2 mm) were strewn across the grassland surface. It appears that this detritus has been incorporated f Asterisks designate profiles and depths where pedogenic carbonate has been "C dated. These data are listed in Table 4 . t
I4
C data are conventional agaes (BP) and are not calibrated to calendar years. by reburial, mechanical diffusion, and infiltration of rainfall into surrounding soils. For example, angular to subangular carbonate clasts were present in Ak through Btk horizons in our profiles (to =60-cm depth) and are probably reworked from an earlier soil. In this context, detrital K-fabric may be distributed throughout Ak through Btk horizons and may be coeval, although otherwise unrelated, to the underlying Kb horizons.
CONNIN ET AL.: STUDY OF ENVIRONMENTAL CHANGE FROM DISSEMINATED CARBONATE
Inclusion of reworked K-fabric in grassland soil profiles is supported by carbonate I4 C ages. The 14 C dates of carbonate in TG1 increased with soil depth and were two to three orders of magnitude older than coexisting SOM (Tables 3 and 4) . Importantly, disseminated carbonate just below the surface of TG1 (10-cm depth) is older than any carbonate found in surrounding Holocene soils (to various depths), =6400 yr BP, compared with «100 to 5000 yr BP, respectively (Cole and Monger, 1994; Gile and Grossman, 1979) . Since average carbonate-accumulation rates in the Jornada have either remained constant or increased during the Holocene (Gile and Grossman, 1979; Machette, 1985) , these data indicate that some proportion of pre-Holocene carbonate is entrained in the Ak horizon of TG1. The fact that 8 13 C values of SOM record changes in Holocene vegetation (Connin et al., 1997) , while those of coexisting carbonate do not, probably reflects faster cycling rates in the SOM pools.
We initially hypothesized that the down-profile decrease in carbonate 14 C ages in TG1 was caused by recurrent exchange of 14 C with modern CO 2 (near the soil surface) during carbonate dissolution and recrystallization processes (Gile and Grossman, 1979; Pendall et al., 1994; Amundson et al., 1994) . Soil leaching is indicated by the systematic increase in carbonate concentration with depth (Table 1) . However, isotopic reequilibration also influences carbonate 13 C contents (Margaritz and Amiel, 1981; Pendall et al., 1994) . Under the present C 4 vegetation, recurrent 13 C exchange would (theoretically) increase carbonate 8 13 C values to =l%o. It appears, therefore, that insufficient time has passed for diagenetic processes to reequilibrate the bulk of disseminated carbonate at present concentrations under C 4 grasses. This may also reflect continued incorporation of reworked carbonate, in excess of current rates of carbonate diagenesis.
Dune Carbonate: Isotope Analyses and Interpretation
Mesquite have apparently influenced the isotopic chemistry of carbonate deposited in dune sediments (Fig. 5) . A shift from C 4 grass to shrub biomass should reduce the S 13 C values of accumulating carbonate, either as a result of recent formation or dissolution and reprecipitation under mesquite (Cerling, 1984) . In both dunes, average carbonate 8 13 C values were greatest in horizons buried beneath the accreting sediments (DI: -3.46% below vs. -7.88% above; D2: -4.00% below vs. -8.50%o above). The most negative 8 13 C values of carbonate disseminated in C horizons (avg. -9.53 ± 0.28%o, 60-80-cm depth) indicate formation under »96% C 3 biomass, and can be attributed to formation from CO2 produced by mesquite root respiration (assuming the 8 13 C of root-respired CO 2 is similar to plant tissue: -25.0%o) and cycling of active SOM (Fig. 6) .
The 8 -
o °*: to -9.34%o (Fig. 5) . However, the combined 8
18
O average of DI and D2 (-6.15 ± 1.1% 0 ) was similar to grassland carbonate. We did not see a strong evaporative effect on 8
O values of disseminated carbonate in the dune soils. Oxygen-18 enrichment of pedogenic carbonate in surficial horizons (<40-cm depth) has been observed in Holocene soils of arid lands (Cerling and Quade, 1993) . This can be attributed to both the preferential removal of vapor-phase 16 O during evaporation, and a decrease in the water-calcite 18 O fractionation factor (a wa ieM:a!ciie) at higher near-surface temperatures (e.g., Allison et al., 1983) . Preferential infiltration of I8 Odepleted winter precipitation may also produce these patterns (Quade et al., 1989b) . In contrast, however, 8 18 O values of carbonate in DI increased (=1.5%o) from 10-to 20-cm depth.
Our results may not be surprising considering that =72% of the incident precipitation falling in the Jornada is lost to plant transpiration (Schlesinger et al., 1987) , a process that does not fractionate O isotopes (Cerling and Quade, 1993) . It is curious, however, that 8
O values of carbonate lower in the dune C horizons were more negative (up to «3%o) than that of modern carbonate from Holocene surfaces in the basin (8 18 O = -3 to -6% 0 ) as reported by Cole and Monger (1994) . Liu et al. (1996) indicated that lower permeability and higher water retention, due to increasing soil maturity, enhance evaporative material precipitated in equilibrium with modern CO 2 . In addition, carbonate 8
B C values and corresponding concentrations were positively correlated in both dunes, P > 0.003 (Fig. 7) . Margaritz and Amiel (1981) ascribed similar patterns of carbonate distribution and 8 13 C depletion in irrigated soils formed from calcareous marls to proportionally greater dissolution and recrystallization of clay-sized fractions.
The most 13 C-depleted carbonates in both dunes occurred between 60-and 110-cm depths, indicating that carbonate 13 C reequilibration under mesquite has been greatest in lower C horizons (Fig. 5) . Previous arid land studies report maximum carbonate dissolution and recrystallization in lower soil horizons (Margaritz and Amiel, 1980, 1981) , consistent with our findings. However, other studies report maximum carbonate 13 C reequilibration within 50 cm of the soil surface (Quade et al., 1989b; Pendall et al., 1994) . In addition, carbonate U C dates reported by Pendall et al. (1994) indicate at least 1000 yr is required before disseminated carbonate (at <1% by soil weight) is significantly modified in arid climates. In contrast, we observed this pattern in dunes that are only 80 to 95 yr old. It appears, perhaps, that enhanced rainfall infiltration along mesquite root channels (Martinez-Meza and Whitford, 1996) produced unusually high rates of carbonate weathering at the base of the accumulating dune sediments.
Pedogenic processes other than diagenesis could have contributed to isotopic trends observed in the dune profiles. For example, 8 13 C values of carbonate increased above 60-cm depth in both dunes. This pattern could indicate formation from 13 C-enriched atmospheric CO 2 , continued accretion of carbonate-bearing sediments from interdune soils, or recent atmospheric C additions. If calcareous dust derived from alluvial surfaces near the study area (which range in 8 13 C value from -1.0 to -10.0%o) influenced these profiles (Cole and Monger, 1994; Mack et al., 1994; Schlesinger et al., 1989) , then the 8 13 C values observed in DI and D2 can be explained without invoking the effects of mesquite.
To constrain the relative importance of carbonate diagenesis vs. dust addition to the observed isotopic trends, we calculated the amount of carbonate needed to create the 8 13 C values measured in DI and D2. In this context, we assumed that carbonate inherited with a a. (Table 2) , L is the distance (cm) between sampling depths (or to the surface, for the highest samples), and Dd is an estimated soil bulk density of 1.40 g cm" 3 (Gile and Grossman, 1979) . From this expression and the assumptions shown, we estimate that 1.16 (to 100 cm) and 1.02 kg mr 2 (to 60 cm) of carbonate contributed to the 8 13 C shift in DI and D2, respectively.
Carbonate formation rates are constrained by the deposition rate of Ca 2+ in precipitation and dryfall (including carbonate), which at the Jornada Basin is =2.0 g m~2 yr^1 (Gile and Grossman, 1979) . This deposition can only account for 0.2 kg m~2 of new carbonate during the past 100 yr. Therefore, our mass-balance calculations suggest that at least 80% of the disseminated carbonate in dune C horizons was present as detritus, and has been modified (under mesquite) by dissolution and recrystallization processes in <100 yr. In situ diagenesis is also supported by the fact that 8 13 C vs. 8
18 O values of dune carbonate are largely distinct from those of pedogenic carbonate forming on nearby alluvial surfaces -which may be representative of local source areas for airborne carbonate (Cole and Monger, 1994) (Fig. 8) .
Seasonal Waters of Carbonate Formation
Provided that diagenetic processes are responsible for the isotopic trends discussed for dune soils, carbonate 8
18
O reequilibration under mesquite may be used to distinguish the seasonal waters from which modern carbonate is forming. For example, the annual mean 8 (-15.4%o ) and summer (-5.7%o ) months (Friedman and O'Neil, 1977) .
The average 8
O value of disseminated carbonate in DI, at depths where dissolution-recrystallization appears greatest (60-80 cm), is -9.53%o. It seems, therefore, that modern carbonate is forming from nearly equal amounts of summer (=40%) and winter (=60%) rainfall. These estimates are somewhat surprising given that =65% of the annual precipitation at the Jornada falls during summer months, while only =23% falls during the winter (Conley et al., 1992) . In this context, our carbonate 8
O data indicate that soil water recharge during winter months is nearly four to five times as effective (at these depths) as during summer months, which is consistent with observations that >90% of summer rainfall is lost to evapotranspiration (Herbel and Gile, 1973) .
Several important assumptions underlie our interpretation of the 8 18 O data. For example, the mean 8
O of precipitation at the Sevilleta (-7.3%o) was calculated from weighted monthly averages for the period from April 1994 to December 1996. We assumed that this value is consistent the long-term annual 8
O average -which is probably warranted considering that the annual weighted mean 8 I8 O of precipitation at the nearest IAEA station in Flagstaff, AZ, is = -7.7%o (International Atomic Energy Agency, 1962 -1974 . We also assumed similar
I8
O values of precipitation falling at the Sevilleta and Jornada sites. Since the Sevilleta is <400 km from the Jornada, and the data were collected at an elevation (=1470 m) similar to the Jornada (=1300 m),
1S
O fractionation in precipitation due to differences in stormwater source and trajectory and continental or orographic effects should be small.
As mentioned, we used the same fractionation factor to calculate theoretical carbonate S
18
O values for winter and summer months. This approach assumes that soil temperature (at depths >60 cm) is similar to the MAT, regardless of season, due to thermal damping with depth (Hillel, 1982) . Deviations from this assumption would affect the calculated carbonate 8
18 O values disproportionately. Carbonate forming at average Jornada summer (21°C) and winter (6°C) temperatures (Conley et al., 1992) , would be =l.l%o more negative and 2.3%o more positive, respectively, than if formed at the MAT. Under these conditions, however, the proportion of summer carbonate would increase by only =4% of the total carbonate pool.
CONCLUSION
Interactions of vegetation change, soil erosion and redeposition, and diagenetic alteration determined the O with soil waters derived from roughly similar amounts of summer and winter rainfall.
This study demonstrates that in polygenetic soils, disseminated carbonate can provide a meaningful environmental signal when pedogenic contributions to isotopic variability are constrained. In this context, recent contributions of climate and vegetation may be discerned provided sufficient time has elapsed to allow the bulk of carbonate to isotopically equilibrate with the modern environment. At a profile level, however, disseminated carbonate is unlikely to preserve an isotopic signal of successive environmental changes during the Holocene. This is due to either isotopic contamination by accumulation of detrital carbonate or rapid isotopic reequilibration when soil water infiltration is high and carbonate concentrations are low, e.g., <1%.
